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The effective permittivity of CoFeSiB microwire/rubber composites is investigated in the microwave range of frequencies. As the frequency is varied between 0.3 and 6 GHz with or without magnetic field excitation, we identify a two-peak structure of the permittivity spectra. This spectral feature may be attributed to a core-shell structure of the microwires. That is, a core amorphous phase which is surrounded by a small amount of crystalline nanoshell. High-resolution transmission electron microscopy provides a direct means to detect the crystalline nanoshell. Electromagnetic simulations show that Drude-Lorentz's model of dispersion can describe the effective permittivity quite well in this range of frequencies. V C 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/ 1.4798832] In the 1990s, seminal experiments on the giant magnetoimpedance (GMI) effect 1, 2 in the megahertz range of frequencies first attracted attention to ferromagnetic amorphous microwires. The connection of GMI with ferromagnetic resonance (FMR) arising in the gigahertz range of frequencies has been discussed in several papers. 3, 4 On the technological front, there has been progress toward the fabrication of microwave absorbers and biosensors. 4, 5 The description of the interplay between GMI and FMR is an ongoing challenge. Recent developments in microwave spectroscopy have made it possible to study magnetic field tunability of the effective permittivity of microwire polymer composite materials and opened the prospect of precision control. [3] [4] [5] [6] These recent experiments and theoretical analyses, by investigating which factors control the electromagnetic parameters, highlight three important aspects of the subject. First is the understanding of the microwire absorption mechanisms which may lead to low power consumption, a fundamental issue for designing microwave sensors. Second, the dielectric response depends on the properties of microwire networks and the intrinsic properties of the wires. Third, one main advantage of these networks is that they retain their electromagnetic properties under mechanical constraint, an important consideration given that many future sensors are likely to reside on flexible polymer substrates. Two ways to improved performance would be to change the physical dimensions of the wires and the wire network. However, while such composite materials are very promising, there is much room for improvement.
In this letter, we use a combination of experiments and simulations to demonstrate an unexpected dependence of the effective permittivity of ferromagnetic microwires/rubber composites. To this end, we prepared two kinds of sample with variations of the distance between neighboring wires. We report the observation of a double-peak feature of the permittivity spectra over the range of frequencies of 0. [3] [4] [5] [6] GHz consistent with what would be expected for a twophase structure of the microwires based on Drude-Lorentz's model. The amorphous core-crystalline nanoshell structure of the microwires is the most likely explanation for our observations. High-resolution transmission electron microscopy provides further support for such a model. Silicone rubber was used as the matrix material for the fabrication of periodic composite materials. Here, we report on two samples which were made by aligning, respectively, 6 and 8 microwires in a parallel manner in silicone rubber. Details of the sample preparation can be found elsewhere. 8 The resultant composite has a dimension of 70 mm Â13 mmÂ 1.8 mm. The high-resolution transmission electron microscope (HRTEM) image was taken using a JEM 2010F microscope. The HRTEM sample was prepared by using a Gatan 691 ion beam thinner; details of the preparation procedure can be found elsewhere. 9 The room temperature effective complex (relative) permittivity e ¼ e 0 À je 00 spectra using a vector network analyzer (Agilent, model H8753ES) in the frequency range of 0.3-6 GHz with the magnetic field parallel to the wire axis swept from 0 to 61 kOe or without applied magnetic bias; the details of this setup are described elsewhere.
9,10
The primary results of this letter are shown in Figs. 1 and 2 which give plots of the effective complex permittivity spectra for the sample with, respectively, 6 and 8 wires and for field magnitudes from 0 to 1 kOe. Prominent in the data are the two pronounced and broad absorption peaks at 2.6 GHz and 4.2 GHz. The peak at 2.6 GHz is much broader than the one at 4.2 GHz. Interestingly, there are some substantial differences between the behavior of the two peaks when a magnetic field is applied. The magnitude of the e 00 peak at 2.6 GHz increases by a factor of 2, and its full-width half-maximum (FWHM) is significantly reduced when the magnetic field is increased from 0 to 1 kOe. The line shape and intensity of the peak at 4.2 GHz exhibit little change as a function of magnetic field; however, increasing magnetic field produces a visible redshift. The comparison of Figs. 1 and 2 is instructive. We find that the value of e 00 for the peak at 2.6 GHz for the sample with 8 wires are significantly smaller than the corresponding peak for the sample with 6 wires. However, the changes in e 00 magnitude are quite small for both peaks when the magnetic field is increased from 0 to 1 kOe. We also note that the magnitude of the first resonance peak is reduced as the wire number increases from 6 to 8.
The two-peak feature of the dielectric losses evidenced in Figs. 1 and 2 warrants further discussion. The FMR mode is intrinsic to the ferromagnetic microwires. When no external static magnetic field is applied, FMR depends on the saturation magnetization M s and anisotropy field H k of the microwires, expressed as f FMR ¼ cðM s þ H k =2pÞ, where c is the gyromagnetic ratio. 11 For amorphous microwires with small anisotropy field (H k ( 2pM s ), one can write
GHz, which is in close correspondence with the value of 2.6 GHz observed experimentally. This small discrepancy can be attributed to the complex internal stress distribution appearing in the microwires during the rapid cooling rate leading to a non-uniform distribution of local magnetoelastic anisotropy. 12, 13 When a magnetic field is applied, the relative importance of stress is weakened, and the FMR mode is blueshifted as the field is increased according to Kittel's law. 14 The electromagnetic response of homogenized grids of parallel amorphous ferromagnetic microwires has been studied recently by Liberal and co-workers 6 by using the local field method and the transmission-line analogy. Following these authors, the reduction of the skin depth as the magnetic field is increased could provide an explanation for the increase of permittivity observed in Figs. 1 and 2 .
In this letter, we show that the resonance peak at 4.2 GHz can be distinguished from the FMR mode by examining the dependence of the dielectric losses versus the magnetic field. To put this into perspective, we assume that the microwires have a core-shell (CS) structure, i.e., a core amorphous phase which is surrounded by a nanocrystalline shell, and we consider that the resonance peak at 4.2 GHz is likely to correspond to the nanocrystalline phase. HRTEM is a unique analytical tool for such study because it can provide high resolution microstructural and well as electron diffraction data. Fig. 3(a) shows the results of a bright field HRTEM image of the fractured microwire. As shown in Fig.  3(a) , nanocrystalline and amorphous phases separated by a transition region are clearly identified along the radial direction from surface to inner core. As is apparent from Fig. 3(b) the electron diffraction (SAED) pattern of a selected area is   FIG. 1 . The e 0 and e 00 spectra for the sample containing 6 wires and for magnetic field magnitudes from 0 to 1 kOe. Fig. 1 for the sample containing 8 wires. a complex ring pattern characteristic of polycrystalline materials with a halo ring associated with the amorphous phase. However, quantifying the amount of crystalline and amorphous phases is notoriously difficult. 15 Further observations of the magnified nanocrystalline and amorphous regions are displayed in Figs. 3(c) and 3(d) , respectively.
FIG. 2. Same as in
The nanocrystallite average size is ffi2 nm. We emphasize that the technique for fabricating microwires can offer an explanation for the appearance of a nanocrystalline phase at the microwire surface during melt extraction. 7, 12 The effect of cold drawing on the mechanical properties and microstructure evolution of Fe-based amorphous wires produced by the in-rotating spinning method was investigated by several authors including Hagiwara et al. 16 A possible scenario with reference to Fig. 4 is as follows. First, heat is rapidly and unidirectionally transferred from a thin layer to the copper wheel. The resulting inhomogeneities from stress distribution can serve as nucleation seeds for nanocrystallites in the subsequent solidification process. Next, energy dissipation changes from heat exchange to much slower thermal radiation which facilitates the precipitation of nanocrystallites on the top layer of the free surface. Since amorphous wires are fabricated by rapid solidification, the stress distribution is not uniform. These inhomogeneities will act as nucleation sites of nanocrystallites. A similar phase separation in melt-extracted FeCuSiB microwires has been reported by Nagase and Umakoshi. 17 We would like to stress that thin glass-coated wires fabricated by the TaylorUlitovsky method do not show a two-peak structure of the absorption losses. This is due to the absence of such crystalline phase because glass-coated wires are generally too thin to reach the rapid cooling rate which is of paramount importance for nanocrystallite formation. Note also that this could explain why thin wires fabricated by the Taylor-Ulitovsky method have much better magnetic softness and associated GMI properties than melt-extraction microwires. 2, 18 In what follows, we check whether our experimental data are consistent with a two-phase CS modelling. First, we consider that the intrinsic permittivity of the microwires can be 
where the A k 's are resonance peak amplitudes, f denote the frequency of the wave, f rk is the resonance frequency of peak k-th peak, and f 0k is inversely proportional to the linewidth of the k-th resonance. 19 A simple model of the effective permittivity of our samples in the long-wavelength limit is to use an arithmetic mean of the intrinsic permittivity of the phases weighted by their respective volume fractions. The results of these calculations, shown in Fig. 5(a) at zero applied magnetic field and in Fig. 5(b) at 1 kOe, show a good agreement between the fit and data. Residual discrepancy observed could be due to the imperfect bonding between the rubber and the microwires, i.e., debonded surface of a wire and the surrounding polymer matrix, and uncertainty in our e i value. A brief discussion of how the presence of the nanocrystalline region affects the microwave features is in order. As illustrated in Fig. 5 , the low-frequency peak is much broader than the high-frequency one. It is reasonable to suppose that the above mentioned strong non-uniform distribution of magnetoelastic anisotropy leads to multiple resonance frequencies which eventually merge in such broad peak. When the wire concentration is increased the magnetic shielding effect predominates over polarization, 20 which results in the reduced amplitude of the low-frequency peak and decreased field effect.
Finally, we examine the influence of frequency in the three zones of Fig. 3 within the context of the CS structure of the microwires. In Fig. 6 we plot the Cole-Cole representation of the permittivity data for the sample containing 6 wires. The observed behavior may be described by three zones. On the one hand, it is apparent from Fig. 5 that several relaxation mechanisms contribute to the permittivity spectra shown in Figs. 1 and 2 . On the other hand, ferromagnetic/ rubber composites enable the optimization of field-induced tunability of the effective permittivity as we can simultaneously vary e 00 and e 00 in a controlled manner. One intuitive explanation for the three zones would be to consider that they are associated respectively with the amorphous phase, the crystalline phase, and the amorphous to crystalline phase interface. We find that the change in the effective permittivity due to the magnetic perturbation is a sensitive indicator of dielectric relaxation and resonance mechanisms. As to the purely amorphous region, we recently reported experimental results which showed that GMI is predominant at low magnetic bias while FMR is important at high bias. 10 Another relaxation process can be related to the amorphous to crystalline phase interface. While at low magnetic field excitation the amorphous phase contributes significantly to the dielectric response, an increasing magnetic bias tends to increase the importance of the crystalline phase of this microwave response. In addition, the Co nanocrystalline phase is magnetically harder than the amorphous phase. 21 This is consistent with small field effect at low magnetic fields (<150 Oe). The relaxation associated with the crystalline phase requires the involvement of a high magnetic field.
In summary, in this letter we have observed features associated with the two-peak behavior of the permittivity spectra for ferromagnetic microwire/rubber composites in the 0.3-6 GHz range of frequencies. We have investigated how these spectra vary with magnetic field and number of microwires inside the sample. We argue that this spectral feature may be attributed to the amorphous core-crystalline nanoshell structure of the microwires. HRTEM provides a direct means to detect the crystalline nanoshell. Electromagnetic simulations show that Drude-Lorentz's model of dispersion can describe the effective permittivity quite well in the range of frequencies explored.
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